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NUMERICAL
SIMULATION
OF SLIDING OF AN EARTH DAM
DURING THE 1995 KOBE EARTHQUAKE
Tomoya Iwashita
Public Works Research Institute
Tsukuba, Ibaraki-Japan-3050804

ABSTRACT
The Kobe Earthquake in Japan caused shallow sliding on the upstream slope below the water level of the Kitayama Dam. This paper briefly
stated the results of post-earthquake surveys and tests of this earth dam. The FE model of the dam was prepared based on the detailed
results of in-situ tests and laboratory material tests. The numerical analysis was performed by the effective stress analysis to simulate the
performance of the dam during the Kobe Earthquake. The analysis resulted in that large residual deformation and shear strain occurred at
the shallow area of the upstream slope below the water level. The analysis was able to simulate the behavior and damage pattern of the dam,
that is sliding deformation, during the Kobe Earthquake.

the comparison of the computed simulation with the actual
damage of the dam.

INTRODUCI’ION
The Kobe Earthquake of January 17, 1995 in Japan caused
slides on the upstream slope of the Kitayama Dam which is an
earth dam located about 33 kilometers north-east of the epicenter.
It was minor damage that did not affect the structural safety and
the water storage functions of the dam. But this was the first time
that an embankment dam designed based on design standards
and filled by the engineered rolling compaction was damaged in
this way in Japan. Therefore, since the earthquake, we carried
out detailed investigations of the dam and soil tests of the dam
materials. This paper describes the numerical simulation of the
behavior of the Kitayama Dam during the earthquake by the
dynamic effective stress analysis. The mechanism of the
earthquake damage to the Kitayama Dam is evaluated through

Fig. 1. Cross section of the Kitayama Dam

Fig. 2. Over view of damage to the Kitayama Dam due to the Kobe Earthquake
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Description of Kitavama Dam
The Kitayama Dam is located on the Rokko granite zone and
about 1.5 km from the Ashiya Fault and the Koyo Fault. The
dam is an earth dam with a height of 25 meters and was
completed in 1968. Its standard cross section is shown in Fig.1.
The dam body materials in Zones [l], [2] and [3] and
counterweight fill consist mostly of decomposed Rokko granite.
The material in Zone [2] of the upstream side of the dam body
has a maximum particle size of 9.50 mm, a uniformity coefficient
of about 300 and a percentage passing of silt and clay of about
20 %. The dam body was compacted well by the rolled fill with
a 30 cm lift: its degree of compaction, D-value, was over 100
from banking execution control tests.
The pseudo-static analysis was applied as the seismic design of
the dam body. The lateral seismic coefficient was 0.15, which
was determined based on the design criteria enacted in 1957 by
the Japanese National Committee on Large Dams.

by pit excuvatiorl
by pit excavation

rain that fell on the dam at the night before the pits were
excavated remained on the sliding surface, and the pit excavation
made the collected water drain from the sliding surface. Figure
4 is the cross section of the 4 pits. We confirmed the boundary
between the loose layer and well-compacted (not affected) layer
as the sliding layer that is indicated as a dotted line on Fig. 4.
The sliding failure zone with a depth of 1.5 to 2 m was confirmed.
The undisturbed material samples obtained using air bubble
boring revealed that there were not particularly loose zones
inside the slope up from the sliding failure zone.

IN-SITU AND LABORATORY

TESTS

After the earthquake, we performed several kinds of in-situ tests
such as PS logging, density logging and microtremeter
observations. We recovered undisturbed cores, with a diameter
of 70 mm, of the dam body materials and weathered rock
foundation using air bubble boring. A variety of laboratory tests
were performed using the undisturbed samples in the shallow
([A]), middle ([B]), and deep ([Cl) zones of the dam body. We
measured the density of the cores and performed permeability
tests, drained monotonic loading triaxial tests (MTX), undrained
cyclic loading triaxial tests (CTX), drained cyclic torsional
simple shear deformation tests, and others.

Damage to Kitavama Dam

DYNAMIC

The earthquake caused sliding failure on the upstream slope as
shown in Fig. 2. The length in the dam axis direction of the
sliding was about 100 m. During the earthquake, the reservoir
water level was at the top of the sliding failure block. The level
differences on the top of the sliding block were 1 to 1.5 m. We
excavated four pits (P-l to P-4) in the sliding slope of the
standard cross section to investigate the interior of the dam body.
Figure 3 represents the view of the excavation of the pit P-4
close lo the upstream toe. We found loose layers with high water
content below the riprap and gravel layer in all 4 pits. In the pits
P-2 and P-4 that were excavated earlier, an extremely loose layer
was found below the loose layer. Water seeped out from this
extremely loose layer and if it had been left as it was, it would
have crumbled naturally. This must have happened because the

Analvsis Method
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failure
failure

ANALYSIS

We calculated the initial stress distribution of the dam body from
banking analysis and seepage analysis. Twenty-six-step-banking
analysis was performed with the modeling of the elastic
foundation rock and weathered rock and with the modeling of the
relationship between the stress and the strain of the dam body by
the Duncan-Chang method (Duncan et al., 1970). Saturated
seepage analysis was performed and the phreatic surface and
seepage flow force inside the dam body were given. We
obtained the initial stress distribution by the superimposition of
the seepage flow force on the stress from banking analysis.

Table 1. Material

Riprap
Saturated
Dam body

~nW21
Unsaturated
Dam body Zone[3]
Counterweight fill

Zone[A]
Zone[B]
Zone[C]
~~~~/er

Density, P
(g/cm3)
2.96
2.10
2.10
2.10
2.96
2.10
2.08
1.96

Weathered rock
Foundation rock

2.41
2.50

Porosity n
0.171
0.283
0.283
0.283
-

properties

Permeabilty
coefficient, k
(cm/s)
1.0 x 10-l
1.o x 1o-4
1.o x 1o-4
1.0 x 1o-4
-

Internal
mlfriction angIL
6 (deg.)
39.0
55.0
48.0
45.0
44.3
44.3
44.3
44.3
-

Poisson’s ratio
v
0.3
0.3
0.3
0.3
0.45-0.006Z”.h
0.45-0.006Z”.6
0.45-0.006Z”.6
0.45-0.006Z”.6
0.33
0.3

*
*
*
*

Cohesion
C Wa)
22.5
0
0
0
63.7
63.7
63.7
63.7
-

* The unit of Z is meter.
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We performed dynamic effective stress analysis of the Kitayama
Dam during the Kobe Earthquake and used the program code
“MuDIAN”. The saturated part of the dam body (Zones [A], [B]
and [C] in a part of Zones [l] and [2]) was modeled by two phase
formulations of soil (solid) and water (fluid). The unsaturated
part of the dam body (a part of Zones [l] and [2], Zone [3] and
the downstream counterweight fill) was one phase formulations
of soil. Elasto-plastic behavior of soil was modeled by a
constitutive
model
“Modified
Densification
model”
(Zienkiewicz et al., 1999). This model assumes a plastic
hardening by volumetric strain and that by shear strain
independently.

The plastic volumetric

strain due to the dilatancy,

which is called autogeneous volumetric strain by Zienkiewicz et
al. (1978), can be estimated from accumulated shear strain. The
incremental autogeneous volumetric
strain can be a function of
an accumulated damage quantity that is assumed as a function of
The relation’s
a stress ratio and accumulated shear strain.
function is determined by cyclic loading tests empirically.

Excess pore pressure in the undrained condition can be
determined using bulk modulus from the autogeneous
volumetric strain. The plastic shear strain is calculated by the
potential surface ( @=O” ) of the Mohr-Coulomb’s yield criteria
based on the non-associate flow rule with no plastic volumetric
strain. This modified model is able to simulate cyclic mobility
behavior after the stress point reaches the phase transformation
line, which is the most important to simulate the dynamic
behavior of dense soils.
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S-wave Velocity,Vs
Fig. 6. Distribution

(m/s)

of S-wave velocity

inside dam body

Analvtical Model
Figure 5 shows the material partition of the FE model of the
Kitayama Dam. A riprap layer with a 70 cm thickness is
modeled in one-slice-element of the upstream slope. The
viscous boundary condition is adopted on the bottom and the
sides of the foundation model. We determined that the depth of
the weathered rock was 8 to 10 m based on the comparison of the
3
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meters). The initial shear moduli, Go, within the dam body are
given using the S-wave velocity obtained by equation (1). The
shear moduli, G, are calculated using the follow equation.
G = Go ( u ,,,’ / u ,,,o’)“.63 .

(2)

Where u m’ is effective mean stress and u mo’ is the initial value
of (7 m’. In the weathered rock and the foundation rock, the
S-wave velocities of 500 and 1200 m/s respectively obtained
from the PS logging are used.

1
Number

Fig. 7. Suiting
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triaxial
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dam’s natural frequency (3.8Hz) by microtremor measurements
at the dam with that by eigenvalue analysis of the model. The
material properties, shown in Table 1, are given based on the
results of the in-situ tests and laboratory tests for undisturbed
specimens of dam body materials. In the two phase formulation
section, the soil parameters are given for three zones partitioned
into on a basis of the depth. The friction angle is given by
drained monotonic loading triaxial tests (MTX), and the phase
transformation angle is determined at 0.65 times the friction

angle.Figure6 showsthedistribution
of S-wave
velocity,Vs,
within the dam body by the PS logging. The S-wave velocity
distributions of the upstream side and downstream side of the
dam body are almost the same. We also show the S-wave
velocities converted from the initial shear moduli obtained by the
cyclic torsional shear tests for undisturbed specimens. The
S-wave velocity distributions by PS logging agree with the
empirical equation of S-wave velocity distribution of a core zone
of rockfill dams (Sawada et al., 1977). The empirical equation is
as follows:
Vs (m/s) = 1402 o.34

(1)

where Z is a depth below the surface of the dam slope (unit in
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We determined the soil parameters for the dilatancy in the
modified Densification model based on a simulation (element
analysis) of the undrained cyclic loading triaxial test (CTX)
using undisturbed specimens of the Kitayama Dam material.
The parameters were suited to the relationship between the
number of cyclic loading and the strain in the CTX as shown in
Fig.7. The element analysis simulates the undrained cyclic
loading simple shear test. Hence, the shear strain from the
element analysis is transformed into axial strain using Poisson’s
ratio for the sake of the comparison with the strain from the CI’X
test. Figure 8 indicates a comparison of the effective stress path
of the CTX test with that simulated by this element analysis.
Small viscous damping was added for solid phase. This damper
was given by Rayleigh damping: the damping factors of the dam
body were assumed 0.005 for the first and second natural periods.
That of the weathered rock and foundation rock was assumed
0.03.
Input Motions
No seismometer was installed at the Kitayama Dam and no
earthquake motion was also measured near the dam site. We,
therefore, had no better alternative but to input the following two
earthquake motions on the bottom viscous boundary of the FE
model. One is the earthquake motion at the Kitayama Dam site
simulated by statistical Green’s function approach, and the other
is the earthquake record observed at Kobe University during the
Kobe Earthquake. The acceleration time histories of the input
motions are shown in Fig. 9. Only the horizontal input motions
are taken into account.
Time interval of the calculation is 0.001
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Fig. 10. Computed deformation of the Kitayama Dam for
simulated motion inputted

and

Displacement H

motions are taken into account. Time interval of the calculation
is 0.001 seconds.
We simulated the incident motion during the Kobe Earthquake
on the surface of seismic bedrock (Vp>Skm/s) at the Kitayama
Dam site by superimposing the weak motions of small
earthquakes as statistical Green’s function (Irikura, 1986). We
used the causative fault model of the Kobe Earthquake (Yamada
et al., 1998) that was the modified model of the fault model by
Kamae and Irikura (1997).
The weak motions of small
earthquakes on the seismic bedrock were produced by Boore’s
procedure (Boore, 1983), because of no measuring of
aftershocks. Next, we calculated the input motion on the dam
basement from the simulated motion on the seismic bedrock by
the one-dimensional multiple reflected method. The peak
acceleration of the simulated input motion is 215.6 gal and its
duration is 14 seconds.
The Kobe University motion is the earthquake motion observed
during the Kobe Earthquake. The observation station is located
on a weathered rock with an S-wave velocity of 340 m/s and 24
km far from the epicenter. The Kobe University motion has a
peak acceleration of 270.4 gal and a duration of 20 seconds, and
is stronger and longer than the simulated motion above.
Analvsis Results
The effective stress analysis resulted in the residual deformation
and in the residual displacement at some nodes using vector
arrows shown in Figs. 10 and 11 for each input motion. These
figures indicate that large deformation is restricted within the
shallow area of the upstream slope below the water level. The
maximum horizontal residual displacement is 87 cm for the
simulated motion and 413 cm for the Kobe University motion,
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Fig. 11. Computed deformation of the Kitayama Dam
Kobe University motion inputted

for

which occur on the slope in the vicinity of the toe. Large lateral
deformation occurs at the shallow area around the toe, while at
the slope surface around the water level settlement
The computed
predominates over lateral displacement.
deformation pattern would correspond to the damage condition
of the original dam as shown in Fig. 2: the bulging of the sliding
block around the upstream toe and the drop of the sliding block

atthewaterlevel.
Figure 12 shows the time histories of the effective mean stress
urn ’ at the three elements (El, E2 and E3) which are designated
on Fig. 10 as double circle dots. The shallower the point of the
element is from the slope surface, not only does a sharp drop of
o m’ due to cyclic mobility occur earlier, but CJm’ also remains
smaller. The dropped effective mean stress u m’ during cyclic
mobility causes the decline of the shear modulus as defined in
equation (2) and as a result, causes the distribution of the
5
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Fig. 13. Distribution
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Simulated
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large residual deformation and shear strain occur at the shallow
area of the upstream slope below the water level. The numerical
analysis was able to qualitatively simulate the behavior and
damage pattern of the dam, that is sliding deformation, during
the Kobe Earthquake.
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CONCLUSIONS
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